A TMEM106B Antibody Recognizes the TMEM106B Protein-Following the transient overexpression of N-terminally HisXpress (HX)-tagged human TMEM106B-full length (FL) in
A common genetic variation in the transmembrane protein 106B (TMEM106B) gene has been suggested to be a risk factor for frontotemporal lobar degeneration (FTLD) with inclusions of transactive response DNA-binding protein-43 (TDP-43) (FTLD-TDP), the most common pathological subtype in FTLD. Furthermore, previous studies have shown that TMEM106B levels are up-regulated in the brains of FTLD-TDP patients, although the significance of this finding remains unknown. In this study, we show that the overexpression of TMEM106B and its N-terminal fragments induces cell death, enhances oxidative stress-induced cytotoxicity, and causes the cleavage of TDP-43, which represents TDP-43 pathology, using cell-based models. TMEM106B-induced death is mediated by the caspase-dependent mitochondrial cell death pathways and possibly by the lysosomal cell death pathway. These findings suggest that the upregulation of TMEM106B may increase the risk of FTLD by directly causing neurotoxicity and a pathological phenotype linked to FTLD-TDP.
Frontotemporal lobar degeneration (FTLD) 2 is the second leading cause of presenile dementia, typically with an onset of disease before 65 years of age (1, 2) . It is pathologically characterized by degeneration of the frontal and anterior temporal lobes of the cerebral cortices. Clinical characteristics include changes in personality and behavior and difficulties with language. Approximately 25-50% of FTLD cases are genetically inherited, and several genes, such as GRN (the gene encoding progranulin), MAPT, VCP, CHAMP2B, TARDBP, FUS, and C9ORF72, have been identified as FTLD-causative genes (3) . FTLD has been recently recognized as a disease that has a common pathogenetic background with amyotrophic lateral scle-rosis (ALS) (4) . ALS is an incurable motor neuron degenerative disease, characterized by loss of both upper and lower motor neurons (5, 6) . Approximately 15% of FTLD patients develop motor neuron disease, and more than 15% of ALS patients have cognitive and behavioral impairments (4, 7) . Mutations in several genes, such as TARDBP and C9ORF72, lead to the development of both FTLD and ALS (1, 4, 8) . An important pathological hallmark of FTLD and ALS is a cytoplasmic transactive response DNA-binding protein-43 (TDP-43) inclusion. TDP-43 is the major component of inclusions in ϳ50% of FTLD patients (subtype FTLD-TDP) and the majority of ALS patients (9, 10) . However, currently, the pathogenetic mechanisms underlying these neurodegenerative diseases are not fully understood.
A genome-wide association study and cohort studies have identified three SNPs (rs1990622, rs6966915, and rs1020004) in the transmembrane protein 106B (TMEM106B) gene region as genetic risk modifiers for FTLD-TDP (11) (12) (13) (14) . The risk association is more prominent in FTLD-TDP cases with GRN and C9ORF72 mutations (11, (13) (14) (15) (16) (17) . The risk rs1990622 genotype has also been shown to be associated with cognitive impairment in ALS (18) .
TMEM106B is a glycosylated type 2 transmembrane protein, located in late endosomes and lysosomes, with uncharacterized function (19 -22) . Several clinical studies have shown that TMEM106B levels are significantly up-regulated in FTLD-TDP cases, especially in those with a GRN mutation (11, 13, 20, 23) . In agreement with this, the expression level of the TMEM106B risk variant tends to be up-regulated, compared with that encoded by the non-risk TMEM106B variant in vitro (22) . These observations suggest that the up-regulation of TMEM106B expression is closely linked to the onset of FTLD-TDP. However, how the up-regulation of TMEM106B increases the risk for FTLD-TDP remains to be elucidated.
In this study, we show that the overexpression of TMEM106B induces cell death, enhances oxidative stress-induced cytotoxicity, and causes the cleavage of TDP-43, a representative TDP-43 pathology observed in FTLD-TDP, using cell-based models. TMEM106B-induced cell death is mediated by the caspase-dependent mitochondrial cell death pathways and possibly by the lysosomal cell death pathway. These findings suggest that the up-regulation of TMEM106B increases the risk of FTLD by directly causing neurotoxicity.
HeLa cells, we detected its presence by immunofluorescence analysis and immunoblotting analysis using Xpress and TMEM106B antibodies (Fig. 1, A and B) . Immunofluorescence analysis indicated that HX-TMEM106B-FL showed a cytoplasmic granular localization pattern ( Fig. 1A) , which has been shown to be a lysosomal localization pattern in previous reports (19 -22) . Immunoblotting analysis indicated that multiple proteins were stained with the Xpress and the TMEM106B antibodies. They included smeared high molecular mass proteins, a 46-kDa protein, and a 20-kDa protein (Fig. 1B ). Because the predicted molecular mass of TMEM106B is 31 kDa and it is a highly glycosylated protein (20 -22) , the 46-kDa protein in Fig. 1B was thought to be TMEM106B-FL. Based on the finding that TMEM106B tends to be multimerized (24) , the smeared high molecular mass proteins may be TMEM106B multimers. The 20-kDa protein appears to correspond to the N-terminal fragment (NTF) of TMEM106B, as reported in a previous study (25) .
We then examined whether the TMEM106B antibody is capable of detecting endogenous TMEM106B by immunoblotting analysis. To address whether the detected protein is TMEM106B, we also knocked down the endogenous TMEM106B using two types of specific siRNA against human TMEM106B before we conducted immunoblotting analysis. Because the TMEM106B protein has been reported to be very sensitive to heat and become undetectable by immuno-blotting analysis after heat denaturation (20) , cell lysates were either boiled (Fig. 1C, lanes 1-3) or left unboiled (Fig. 1C , lanes 4 -6) in the SDS sample buffer, before the SDS-PAGE. A protein with a molecular mass of ϳ40 kDa (indicated as FL and with an asterisk in Fig. 1C ), migrating in a fashion nearly identical to exogenous TMEM106B-FL ( Fig. 1C , Long exposure, lane 8) , was detected in non-boiled cell lysates (Fig. 1C , Long exposure, lane 4). The intensity of the band was markedly reduced by two kinds of siRNA ( Fig. 1C , Long exposure, lanes 5 and 6). As expected, the level of the protein with a molecular mass of ϳ40 kDa was quite low in the boiled lysates ( Fig. 1C , Long exposure, lanes [1] [2] [3] . To further confirm that the protein is the endogenous TMEM106B-FL, we immunoprecipitated it from the cell lysates using the TMEM106B antibody, followed by immunoblotting analysis of the immunoprecipitates with the same antibody ( Fig. 1D ). We found that the antibody efficiently immunoprecipitated endogenous TMEM106B (Fig. 1D, lane 3) . Thus, these experiments show that the TMEM106B antibody is capable of detecting endogenous TMEM106B-FL. The other proteins that were recognized by immunoblotting analysis by the TMEM106B antibody, such as the proteins with a approximate molecular mass of 70 or 17 kDa, were not greatly affected by boiling ( Fig. 1C , Short exposure, cf. lanes 1 and 4) or not immunoprecipitated with the TMEM106B antibody (Fig. 1D,  lane 3) . These results suggest that they are nonspecific artifacts of the TMEM106B antibody. A, HeLa cells transiently overexpressing HisXpress-tagged TMEM106B-FL were fixed and immunostained with Xpress (red) and TMEM106B (green) antibodies. Normal rabbit IgG was used as a negative control for the TMEM106B antibody. Nuclei were stained with Hoechst 33258 (blue). White bar, 20 m. B, the lysates from HeLa cells transiently overexpressing HX-tagged TMEM106B-FL (ϩ) were subjected to immunoblotting analysis (IB) using Xpress and TMEM106B antibodies. The empty vector was used as a negative control (Ϫ). C, HeLa cells, seeded on 6-well plates at 4 ϫ 10 4 cells/well, were transfected with 5 nM control siRNA or TMEM106B-1 or -2 siRNA. At 70 h after the transfection, cell lysates were prepared with or without boiling and subjected to immunoblotting analysis using the TMEM106B antibody (lanes 1-6). For references, the lysates from HeLa cells overexpressing TMEM106B-FL, TMEM106B(1-127), and TMEM106B(1-106) were loaded (lanes 7-10). To avoid film overexposure of overexpressed TMEM106B proteins, the quantities of the lysates loaded were reduced (lanes 7-10). *, endogenous TMEM106B-FL. D, endogenous TMEM106B-FL in HeLa cell lysates was immunoprecipitated (IP) using the TMEM106B antibody that recognized an N-terminal region of TMEM106B, followed by immunoblotting analysis using the same antibody (lane 3). Normal rabbit IgG was used as a negative control for the immunoprecipitation (lane 2). To detect TMEM106B antibodyderived background signals, a lysis buffer not containing the cell lysate was used for a mock immunoprecipitation using the TMEM106B antibody (lane 4). The amount of the HeLa cell lysate loaded for input (lane 1) was 12.5 g, and the amount used for each immunoprecipitation was 500 g. H.C., heavy chain; L.C., light chain.
TMEM106B Is Proteolytically Cleaved into Unstable N-terminal Fragments-It has been reported that some uncharacterized lysosomal protease(s) and SPPL2a cleave TMEM106B at around the 127th and 106th amino acids from the N terminus, respectively, to generate two NTFs of TMEM106B (25) . The precise cleavage sites have not been identified. In agreement with this, a considerable amount of protein with a molecular mass of ϳ20 kDa was recognized by the Xpress antibody in the cell lysates from the cells overexpressing HX-TMEM106B-FL ( Fig. 1B ). To confirm that this protein is a cleaved derivative of TMEM106B, we overexpressed non-tagged TMEM106B-FL in HeLa cells and treated the cells with NH 4 Cl and (ZLL) 2 -ketone, inhibitors of the cleavage of TMEM106B (25) ( Fig. 2A) . Again, the overexpression of non-tagged TMEM106B-FL resulted in the generation of two similar fragments with molecular masses of ϳ17 and 13 kDa. Because they were recognized by the TMEM106B antibody, raised against the 14-amino acid peptide of the N-terminal region of TMEM106B (see "Experimental Procedures"), they were believed to be NTFs and were designated NTF17 and NTF13, respectively ( Fig. 2A, lane 4) . Based on the findings of a previous study (25) , we constructed vectors to express the two TMEM106B-NTFs corresponding to TMEM106B(1-127) and TMEM106B(1-106) as references. Immunoblotting analysis showed that the apparent SDS-PAGE migration distances of NTF17 and NTF13 were identical to those of TMEM106B(1-127) and TMEM106B(1-106), respectively ( Fig. 2A , cf. lane 4 and lane 7 or 8). Furthermore, specific protease inhibitors, NH 4 Cl and (ZLL) 2 -ketone, partially inhib-ited the generation of NTF17 and NTF13 ( Fig. 2A , cf. lanes 4 -6) . These data together led us to conclude that NTF17 and NTF13 correspond to TMEM106B(1-127) and TMEM106B (1-106), respectively. NTF17 was also generated in neuronal cells, NSC34 cells and Neuro2a cells that overexpress TMEM106B-FL ( Fig. 2, B and C, lanes 2), whereas NTF13 was not detected in these cells, probably because of relatively low expression of TMEM106B-FL. We failed to identify the precise cleavage sites because a small deletion of TMEM106B made it quite unstable (data not shown). Treatment of the cells overexpressing TMEM106B-FL with lysosomal protease inhibitors leupeptin, pepstatin A, and E-64d partially inhibited the generation of NTF17 ( Fig. 2D , cf. lanes 2 and 3-5). Leupeptin and E-64d, but not pepstatin A, also partially inhibited the generation of NTF13 ( Fig. 2D , cf. lanes 2 and 3-5). These results suggest that lysosomal protease(s) are involved in the cleavage of TMEM106B.
In contrast to the NTFs, generated from the exogenously expressed TMEM106B, endogenous NTFs were not clearly detected ( Fig. 1, C and D, lane 3) . Because the NTF17-like protein in the input lanes ( Fig. 1D , Long exposure, lane 1) was not immunoprecipitated with the TMEM106B antibody (Fig. 1D , lane 3) that does immunoprecipitate exogenous TMEM106B (1-127) (data not shown), this was believed to be a background artifact unrelated to the NTFs of TMEM106B. These results suggest that the endogenous TMEM106B-NTFs are too unstable to be detected. To confirm this, HeLa cells overexpressing TMEM106B-FL, TMEM106B(1-127), or TMEM106B(1-106) FIGURE 2. TMEM106B is proteolytically cleaved into N-terminal fragments. A, HeLa cells, seeded on 6-well plates at 5 ϫ 10 4 cells/well, were infected with adenovirus vectors encoding TMEM106B-FL at an MOI of 800 or TMEM106B(1-127) or TMEM106B(1-106) at an MOI of 100. At 24 h after the start of infection, the cells were treated with or without 5 mM NH 4 Cl or 0.1 M (ZLL) 2 -ketone. At 48 h after the start of infection, the cells were harvested for immunoblotting analysis (IB) using the TMEM106B antibody. Calculated intensities of TMEM106B-NTF17 and -NTF13, normalized with that of GAPDH, are shown. B and C, NSC34 cells (B) or Neuro2a cells (C), seeded on 6-well plates at 1 ϫ 10 5 cells/well, were infected with adenovirus vectors encoding TMEM106B-FL at an MOI of 800 or TMEM106B(1-127) or TMEM106B(1-106) at an MOI of 400. At 24 h after the start of infection, media were replaced with DMEM/N2 supplement. At 24 h after the replacement of media, the cells were harvested for immunoblotting analysis using the TMEM106B antibody. D, HeLa cells, seeded on 6-well plates at 5 ϫ 10 4 cells/well, were infected with adenovirus vectors encoding TMEM106B-FL at an MOI of 800. At 18 h after the start of infection, cells were co-incubated with or without 50 g/ml leupeptin (Leupep.), 10 g/ml pepstatin A (Peps.-A), or 5 g/ml E-64d. At 24 h after the start of the co-incubation, the cells were harvested for immunoblotting analysis using the TMEM106B antibody. Calculated intensities of TMEM106B-NTF17 and -NTF13, normalized with that of GAPDH, are shown.
were treated with cycloheximide for 8 or 24 h (Fig. 3A ). As expected, TMEM106B(1-127) (lanes 7-9) and TMEM106B(1-106) (lanes 10 -12) were more rapidly degraded than TMEM106B-FL (lanes 4 -6). Immunocytochemistry analysis showed that TMEM106B(1-127) and TMEM106B(1-106) as well as TMEM106B-FL partially colocalized with the lysosomal markers, Lysotracker and LAMP1-EGFP ( Fig. 3B ), suggesting that lysosomal proteases are involved in the degradation of TMEM106B-NTFs. Lysosomal protease inhibitors leupeptin and E-64d, but not pepstatin A, and ubiquitin-proteasome inhibitor, MG132, inhibited their degradation ( Fig. 3, C and D) . These results suggest that TMEM106B-NTFs are degraded through the lysosome and ubiquitin-proteasome degradation pathways.
Overexpression of TMEM106B Induces Cell Death-It has been reported that levels of TMEM106B are up-regulated in the brains of FTLD-TDP patients, especially in those with GRN mutations (11, 13, 20, 23) . This finding suggests that the overexpression of TMEM106B is linked to pathogenesis in these patients. To investigate this, we first examined the direct effect of overexpression of TMEM106B-FL on the viability of HeLa cells and primary cortical neurons (PCNs). Cytotoxicity was evaluated by a lactate dehydrogenase (LDH) release cell death assay or WST-8 cell viability assay. We found that the overexpression of TMEM106B-FL induced cell death in HeLa cells in an expression level-dependent manner (Fig. 4, A and B ) and decreased cell viability in PCNs (Fig. 4 , C and D). The cell death, induced by the overexpression of TMEM106B, was inhibited by overexpression of Bcl-xL ( Fig. 4 , E and F). These data indicated that increased expression of TMEM106B causes cell death that is mediated by the mitochondrial apoptosis pathway. In contrast, the reduction in expression of TMEM106B, caused by specific siRNAs against TMEM106B, did not induce cell death (Fig. 4, G and H) .
The overexpression of TMEM106B resulted in the appearance of NTF17 and NTF13, in addition to TMEM106B-FL ( Fig.  2 ). Therefore, it was not clear which forms of TMEM106B protein, TMEM106B-FL and/or cleaved fragments, were responsible for inducing cell death. To investigate this, we generated adenovirus vectors that express TMEM106B(1-127) and TMEM106B(1-106). These adenovirus vectors express each encoded protein more efficiently than the TMEM106B-FLencoding adenovirus vector does (Fig. 5B ). The overexpression of TMEM106B(1-127) and TMEM106B(1-106) also induced cell death in an expression level-dependent manner ( Fig. 5A ). Adjusting the multiplicity of infection (MOI) of each adenovirus vector, we overexpressed comparable levels of TMEM106B-FL, TMEM106B(1-127), and TMEM106B (1-106) and compared their cell death-inducing activity (Fig.  5A ). The cell death-inducing activity of TMEM106B (1-127) at FIGURE 3. TMEM106B-NTFs are rapidly degraded by lysosomal and proteasomal degradation pathways. A, HeLa cells, seeded on 6-well plates at 5 ϫ 10 4 cells/well, were infected with adenovirus vectors encoding TMEM106B-FL at an MOI of 800 or TMEM106B-(1-127) or TMEM106B-(1-106) at an MOI of 200. At 18 h after the start of infection, cells were treated with 5 g/ml cycloheximide (CHX) for 8 -24 h. Then the cells were harvested for immunoblotting analysis (IB) using the TMEM106B antibody. B, top, HeLa cells overexpressing non-tagged TMEM106B-FL, TMEM106B(1-127), or TMEM106B(1-106) were incubated with 100 nM Lysotracker (red) at 37°C for 1 h just before fixation. Then the fixed cells were immunostained with the TMEM106B antibody (green). Bottom, HeLa cells overexpressing LAMP1-EGFP (green) and non-tagged TMEM106B-FL, TMEM106B(1-127), or TMEM106B(1-106) were fixed and immunostained with the TMEM106B antibody (red). Nuclei were stained with Hoechst 33258 (blue). White bar, 20 m. C and D, HeLa cells, seeded on 6-well plates at 5 ϫ 10 4 cells/well, were infected with adenovirus vectors encoding TMEM106B(1-127) (C) or TMEM106B(1-106) (D) at an MOI of 200. After the infection, the cells were co-incubated with or without 50 g/ml leupeptin (Leupep.), 10 g/ml pepstatin A (Peps.-A), 5 g/ml E-64d, or 0.01-0.1 M MG132. At 18 h after the start of infection, the cells were co-incubated with or without 5 g/ml cycloheximide for 24 h in the presence or absence of 50 g/ml leupeptin, 10 g/ml pepstatin A, 5 g/ml E-64d, or 0.01-0.1 M MG132. At 24 h after the start of the CHX treatment, the cells were harvested for immunoblotting analysis using the TMEM106B antibody.
an MOI of 100 was weaker than that of TMEM106B-FL at an MOI of 800 ( Fig. 5A) . However, the level of TMEM106B (1-127) was higher than that of NTF17 derived from TMEM106B-FL ( Fig. 5B , Short exposure, cf. lanes 2 and 4). This result indicates that TMEM106B-FL and/or high molecular mass TMEM106B, in addition to NTF17 and NTF13, possess cytotoxic activity. TMEM106B-FL and TMEM106B(1-106)induced cell death is attenuated by the treatment with a broad range caspase inhibitor, Boc-D-FMK ( Fig. 5 , C and D). TMEM106B(1-127)-induced cell death is partially inhibited by Boc-D-FMK ( Fig. 5, C and D) . These results indicate that caspases are involved in the TMEM106B cytotoxicity.
We also examined cytotoxicity of TMEM106B in neuronal cells, NSC34 cells ( To further demonstrate that the overexpression of TMEM106B is toxic in vivo, we performed a yeast growth retardation assay using a galactose-inducible TMEM106B-encoding vector. Overexpression of TMEM106B-FL and TMEM106B(1-127) was extremely toxic, whereas yeast growth was unaffected by the expression of TMEM106B (1-106) ( Fig. 5I ).
TMEM106B-NTF-induced Cell Death Is Leupeptinsensitive-Because TMEM106B-FL and -NTFs localize in the lysosome (Fig. 3B ), we next hypothesized that TMEM106Binduced cell death is mediated by lysosomal protease(s). To examine this, HeLa cells overexpressing TMEM106B-FL, TMEM106B(1-127), or TMEM106B(1-106) were treated with lysosomal protease inhibitor, leupeptin or pepstatin A. The treatment with leupeptin did not appear to affect TMEM106B toxicity in the LDH release assay (Fig. 6A ). However, the expression levels of TMEM106B(1-127) and TMEM106B(1-106) increased when cells were treated with leupeptin ( Fig. 6B,  cf. lanes 3 and 7 and cf. lanes 4 and 8) , possibly due to the suppression of the degradation, as already shown above ( Fig. 3 , C and D). These results led us to speculate that TMEM106B(1-127)-and TMEM106B(1-106)-induced toxicity was actually inhibited by leupeptin if the levels of the TMEM106B-NTFs were adjusted to be equal. Therefore, we next increased the TMEM106B(1-127) expression level in the cells not co-incubated with leupeptin, by increasing the MOI of the adenoviral vector for comparison. Indeed, the level of TMEM106B(1-127) expression in the cells infected with the TMEM106B(1-127) adenoviral vector at an MOI of 400, in the absence of leupeptin co-incubation, became largely identical to that of TMEM106B(1-127) expression in the cells infected with the adenoviral vector at an MOI of 200, in the presence of leupeptin co-incubation ( Fig. 6C, cf. lanes 4 and 5) . Notably, TMEM106B(1-127) at an MOI of 200 in the presence of leupeptin induced cell death more weakly than did TMEM106B (1-127) at an MOI of 400 in the absence of leupeptin (Fig. 6D) . These results indicated that TMEM106B (1-127)-induced toxicity and possibly TMEM106B(1-106)-induced toxicity were inhibited by leupeptin and leupeptin-sensitive protease(s) are therefore involved in the cytotoxicity of TMEM106B-NTFs. On the other hand, TMEM106B-FL-induced cell death was not apparently inhibited by leupeptin (Fig. 6, A and B) .
Also, treatment with pepstatin A mildly inhibited TMEM106B-FL-and TMEM106B(1-106)-induced cell death but not TMEM106B(1-127)-induced cell death (Fig. 6E) . However, it also slightly reduced their expression levels (Fig. 6F, cf.   lanes 2 and 6 and cf. lanes 4 and 8) . These results suggest that pepstatin A does not affect TMEM106B cytotoxicity.
Low Grade Overexpression of TMEM106B Enhances Oxidative Stress-induced Cytotoxicity-Oxidative stress is implicated in the pathogenesis of neurodegenerative diseases (26) . Given that the TMEM106B genetic variation or the overexpression of TMEM106B increases susceptibility to FTLD-TDP as a risk factor, it is hypothesized that the low level overexpression of TMEM106B potentiates oxidative stress-induced cell death. To investigate this, we lowered the expression levels of TMEM106B by decreasing MOIs of adenovirus vector and found that low grade overexpression of TMEM106B alone at MOIs of 100 -200 was unable to cause cell death or caused cell death only marginally (Fig. 7, A and B) . Importantly, however, it significantly enhanced cell death, induced by hydrogen peroxide (H 2 O 2 ), a well known oxidative stress inducer (Fig. 7, A and  B) . TMEM106B(1-127) and TMEM106B(1-106) also potentiated H 2 O 2 -induced cell death (Fig. 7, C and D) . (G and H) , seeded on 6-well plates at 1 ϫ 10 5 cells/well, were infected with adenovirus vectors encoding TMEM106B-FL at an MOI of 800 or TMEM106B(1-127) or TMEM106B(1-106) at an MOI of 400 or 800. At 24 h after the start of infection, media were replaced with DMEM/N2 supplement. At 24 h after the replacement of media, LDH release was measured (E and G), and the cells were harvested for immunoblotting analysis using the TMEM106B antibody (F and H). *, p Ͻ 0.05. I, BY4741 yeast strains, transformed with the vectors indicated, were plated onto the culture dishes containing glucose (expression off) or galactose (expression on) and incubated for 48 h for the glucose-containing plate or 72 h for the galactose-containing plate, respectively, at 30°C. The YFP backbone vector was used as a negative control. Error bars, S.D. OCTOBER 7, 2016 • VOLUME 291 • NUMBER 41
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Lysosomal Localization Is Important for TMEM106B Toxicity-TMEM106B-FL predominantly localizes to lysosomes ( Fig. 3B ). To examine whether lysosomal localization of TMEM106B is necessary for TMEM106B to induce cell death, we expressed TMEM106B-Y125D, which mislocalizes to the endoplasmic reticulum (ER) (25) . ER localization was confirmed by the colocalization with vesicle-associated membrane protein-associated protein B (VAPB), an ER marker ( Fig. 8A ) (27) . TMEM106B-Y125D colocalized with HX-tagged VAPB more efficiently than TMEM106B-WT (weighted colocalization coefficient: Y125D ϭ 0.746 Ϯ 0.090, WT ϭ 0.571 Ϯ 0.052, p Ͻ 0.001). An intracytoplasmic granular localization, indicative of lysosomal localization of TMEM106B, was still observed even in cells expressing TMEM106B-Y125D. The putative lysosomal localization of TMEM106B-Y125D was assumed to be largely caused by lysosome-localizing TMEM106B-NTFs (Fig.  3B ) that were derived from TMEM106B-Y125D-FL (Fig. 8C) . We then compared the extent of cell death induced by TMEM106B-Y125D with that caused by TMEM106B-WT (Fig.  8, B and C) . TMEM106B-Y125D had a weaker cell death-inducing activity than TMEM106B-WT (Fig. 8, B and C) , although TMEM106B-Y125D is still capable of inducing mild cell death (Fig. 8B) . Given that a considerable amount of TMEM106B-NTFs that are capable of inducing cell death (Fig. 5A ) was present in TMEM106B-Y125D-expressing cells (Fig. 8C) , it could be assumed that TMEM106B-NTFs, derived from TMEM106B-Y125D, may be responsible for the induction of cell death. These data together suggest that the lysosomal localization is important for the induction of cell death caused by TMEM106B.
Overexpression of TMEM106B Induces Cleavage of TDP-43 but Does Not Decrease the Progranulin Levels-We next examined whether the up-regulation of TMEM106B is linked to the TDP-43 pathology in FTLD-TDP. Notably, the overexpression of TMEM106B-FL and TMEM106B(1-127) reduced the level of full-length TDP-43 (TDP-43-FL) and increased the level of the C-terminal fragment (CTF) of TDP-43 (TDP-43-CTF35) (Fig. 9A, lanes 1-5) . If we consider that the extents of TMEM106B(1-127)-induced cell death were larger than those of TMEM106B-FL-induced cell death (Fig. 9B) , we could conclude that the TMEM106B(1-127)-induced potentiation of the TDP-43 cleavage is less prominent than TMEM106B-FL. On the other hand, although the overexpression of TMEM106B(1-106) mildly reduced the level of TDP-43-FL, it did not increase the level of TDP-43-CTF35 (Fig. 9A, lanes 6 and 7) . These results suggest that the overexpression of TMEM106B-FL and TMEM106B(1-127) accelerated the cleavage of TDP-43, an essential initiator of TDP-43 pathology (28) . Given that the cleavage of TDP-43 is mediated by caspase activation (29) and that caspases are involved in the TMEM106B-induced cell death (Fig. 5, C and D) , it could be hypothesized that the TMEM106B-induced potentiation of the cleavage of TDP-43 is mediated by caspases. In accordance with this notion, a caspase inhibitor attenuated the cleavage of TDP-43, induced by TMEM106B-FL (Fig. 9C, cf. lanes 3 and 4) .
We also found that the overexpression of TMEM106B-FL slightly increased the intracellular level of progranulin (Fig. 9D) . Treatment of the cells with a lysosomal protease inhibitor, leupeptin, markedly increased the level of progranulin (Fig. 9E) . These results suggest that the overexpression of TMEM106B may impair lysosomal function and increase the level of progranulin that is degraded by lysosomal enzymes (30) . In contrast, reduced expression of TMEM106B by siRNAs did not affect either the cleavage of TDP-43 or the level of progranulin expression ( Fig. 9F ).
Discussion
Several clinical studies have shown that both mRNA and protein levels of TMEM106B increase in the brains of FTLD-TDP patients, particularly in patients with GRN mutations (11, 13, OCTOBER 7, 2016 • VOLUME 291 • NUMBER 41 JOURNAL OF BIOLOGICAL CHEMISTRY 21455 20, 23) . In agreement with this, the level of TMEM106B, encoded by the risk variant of the TMEM106B gene, tends to be up-regulated, compared with that encoded by the non-risk TMEM106B gene (22) . On the other hand, some studies have provided data contrary to this notion (12, 14) . Because all of these studies have been conducted using samples derived from a relatively small number of FTLD-TDP patients, this issue needs to be further investigated before a final conclusion can be drawn. In the current study, supported by some clinical data (11, 13, 20, 23) and in vitro findings (22), we hypothesized that the level of TMEM106B is elevated in FTLD-TDP and examined the effect of overexpression of TMEM106B on cell survival. We found that the up-regulation of TMEM106B causes cell death in vitro and in vivo (Figs. 4 and 5 ), and the low grade up-regulation of TMEM106B enhances oxidative stress-induced cytotoxicity (Fig. 7) . In contrast, the loss of TMEM106B does not affect cell viability (Fig. 4, G and H) (31) .
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The molecular mechanism underlying the TMEM106B-induced cell death has not been fully elucidated. In the current study, we have shown that the caspase-dependent mitochon- At 24 h after the replacement of media, the cells were harvested for immunoblotting analysis using the antibodies indicated. Calculated intensities of TDP-43-FL and -CTF35, normalized with that of GAPDH, are shown. D, HeLa cells, seeded on 6-well plates at 5 ϫ 10 4 cells/well, were infected with LacZ (Ϫ) or TMEM106B-FL (ϩ) adenovirus vector at an MOI of 800. At 18 h after the start of infection, media were replaced with DMEM/N2 supplement. At 24 h after the replacement of media, the cells were harvested for immunoblotting analysis using the antibodies indicated. E, HeLa cells, seeded on 6-well plates at 5 ϫ 10 4 cells/well, were treated with (ϩ) or without (Ϫ) 50 g/ml leupeptin. At 18 h after the treatment, cells were replaced with DMEM/N2 supplement and treated with (ϩ) or without (Ϫ) 50 g/ml leupeptin. At 24 h after the second treatment, the cells were harvested for immunoblotting analysis using a progranulin (PGRN) antibody. F, HeLa cells, seeded on 6-well plates at 5 ϫ 10 4 cells/well, were transfected with 5 nM control siRNA or TMEM106B-1, -2, or -3 siRNA using Lipofectamine2000 reagent. At 48 h after the start of transfection, media were replaced with DMEM/N2 supplement containing (ϩ) or not containing (Ϫ) 0.05 M staurosporine. At 24 h after the replacement of media, the cells were harvested for immunoblotting analysis using the antibodies indicated. Staurosporine was used as a positive control for the induction of cleavage of TDP-43. The expression of endogenous progranulin and TMEM106B was reduced by the treatment with staurosporine, probably due to the increase in the cleavage or degradation of progranulin and TMEM106B by undetermined proteases that are activated by staurosporine. drial cell death pathways are involved in the TMEM106B-induced cell death (Figs. 4 and 5) . We have also demonstrated that the lysosomal localization is important for TMEM106B-mediated toxicity (Fig. 8 ). In agreement, very recently, Busch et al. (32) found that increased expression of TMEM106B causes cytotoxicity that requires lysosome localization. Furthermore, some earlier studies showed that lysosomal function and morphology are impaired by TMEM106B overexpression (19, 20, 24) . Collectively, these data suggest that the TMEM106B-induced cell death is at least partially mediated by lysosomal cell death (33) . Given that the lysosomal cell death pathway is mediated by the caspase-dependent mitochondrial cell death pathway (33) , it is highly likely that this notion is correct. In support, we also found that TMEM106B-NTFs induced caspase-dependent ( Fig. 5, C and D) and leupeptin-sensitive ( Fig. 6, A-D) cell death. This result indicates that the TMEM106B-NTF-induced cell death is mediated by the lysosomal cell death pathway.
The low grade overexpression of TMEM106B that is incapable of causing cell death predisposes cells to vulnerability to oxidative stress-induced cell death ( Fig. 7 ). According to a previous finding that oxidative stress causes the lysosomal cell death (34) and the finding in the present study that the lysosomal cell death pathway may be triggered by the overexpression of TMEM106B ( Fig. 8) , this result could be expected. Most importantly, this finding may reflect the in vivo physiological effect of low grade overexpression of TMEM106B as a risk factor of FTLD-TDP.
In the current study, we have shown that the overexpression, but not the knockdown, of TMEM106B-FL and TMEM106B (1-127) increases the caspase-dependent cleavage of TDP-43 ( Fig. 9, A-C) . Aggregated TDP-43 in the TDP-43 pathology mainly consists of unfolded TDP-43 CTFs with multiple phosphorylations (9, 10) . Based on the finding that the overexpression of TMEM106B increased the fragmentation of TDP-43 ( Fig. 9A) , we could speculate that the TDP-43 inclusion body is more easily formed when TMEM106B is overexpressed. This mechanism may explain the TDP-43 pathology that occurs in FTLD-TDP patients. In support, previous studies have shown that the levels of TMEM106B are elevated in both GRN and cathepsin-D (CTSD) gene knock-out mice. The CTSD knockout mice recapitulated neuronal ceroid lipofuscinosis, a lysosomal storage disorder (23) . Interestingly, both knock-out mice are also associated with the TDP-43 pathology (23, 35, 36) . Therefore, it could be postulated that the increased expression of TMEM106B contributes to the formation of the TDP-43 inclusion bodies, even in mice.
It has generally been recognized that mutations in the GRN gene cause familial FTLD-TDP, possibly by down-regulating the progranulin levels (37, 38) . Recent clinical studies have further demonstrated that TMEM106B levels inversely correlate with progranulin levels (13) and the TMEM106B risk genotypes are associated with decreased progranulin levels (12, 13) . Thus, it could be hypothesized that the up-regulation of TMEM106B increases the risk of FTLD-TDP, particularly the risk of FTLD-TDP, accompanied by a GRN mutation, by down-regulating progranulin. In the current study, however, TMEM106B overexpression did not down-regulate progranulin in vitro. Conversely, it appeared to increase the progranulin level slightly ( Fig. 9D) . Similar results were also demonstrated in previous in vitro studies (19, 20, 22) . Given that the degradation of progranulin occurs in lysosomes (30) , the effect of the TMEM106B overexpression on the progranulin level in the current study may reflect the impairment of lysosomal function, caused by the overexpression of TMEM106B, as reported previously (19, 20, 24) . In support of this idea, the treatment with the lysosomal protease inhibitor leupeptin increased progranulin levels (Fig. 9E) .
TMEM106B is cleaved to generate NTFs by lysosome-localizing protease(s) (Fig. 2) (25) . TMEM106B-NTFs are more rapidly degraded than TMEM106B-FL (Fig. 3A) through the lysosome and ubiquitin-proteasome degradation pathways (Fig. 3,  C and D) . Consequently, we have failed to detect endogenous NTFs of TMEM106B in normal cultured cells (Fig. 1, C and D) and normal mouse brain tissues (data not shown). Thus, the physiological and pathological relevance of NTFs still remains undetermined. However, the disruption of the gene for the lysosomal protein cathepsin D increases the TMEM106B level and causes the TDP-43 pathology (23) . In addition, the lysosomal dysfunction, the up-regulation of TMEM106B expression, and the TDP-43 pathology simultaneously occur in aged GRN knock-out mice (23, 35, 36) . Also, oxidative stress, which causes the lysosomal cell death (34) and is implicated in the pathogenesis of neurodegenerative diseases (26) , increases the expression levels of TMEM106B-NTFs (Fig. 7D) . Finally, multiple genes related to the lysosomal and ubiquitin-proteasome degradation pathway, such as CHAMP2B, SQSTM1, VCP, and UBQLN2, have been identified as familial FTLD-causative genes (3) . These data suggest that the dysfunction of the lysosome and/or ubiquitin-proteasome degradation pathways, as observed in FTLD-TDP patients (23, 39) , may increase the steady-state levels of TMEM106B-FL and TMEM106B-NTFs, which probably contributes to the pathogenesis of some FTLD cases.
TMEM106B(1-127) and TMEM106B-FL possess a cytotoxic effect in all cells examined, including neuronal cells and yeast cells (Fig. 5 ). In contrast, TMEM106B(1-106) does not cause cell death in Neuro2a cells and yeast cells, whereas it does in HeLa cells and NSC34 cells (Fig. 5) . These results indicate a cell type specificity in the cell death-inducing activity of TMEM106B(1-106), although the mechanism underlying it remains to be investigated.
In summary, TMEM106B-FL or TMEM106B-NTF overexpression causes cytotoxicity via the caspase-dependent mitochondrial cell death pathway and the cleavage of TDP-43. It also increases vulnerability of cells to oxidative stress-induced cell death. These results provide an important insight into the pathogenesis of FTLD-TDP. The in vitro cell death assay established in this study will serve as a new model for the investigation of FTLD-TDP.
Experimental Procedures
Antibodies and Compounds-A rabbit polyclonal TMEM106B antibody was generated by immunizing a synthetic peptide corresponding to amino acid residues 14 -27 (KEDAY-DGVTSENMR) of human TMEM106B, followed by affinity purification. The following antibodies were purchased from TMEM106B Toxicity OCTOBER 7, 2016 • VOLUME 291 • NUMBER 41 suppliers: GAPDH (catalog no. 2118) (Cell Signaling Technology, Beverly, MA), TDP-43 (catalog no. 12892-1-AP) (Protein-Tech Group, Inc., Chicago, IL), Bcl-x S/L (catalog no. sc-634) and normal rabbit IgG (catalog no. sc-2027) (Santa Cruz Biotechnology, Inc.), Xpress (catalog no. R910-25) and progranulin (catalog no. 40-3400) (Thermo Fisher Scientific), HRP-conjugated goat anti-rabbit secondary antibody (catalog no. 170-6515) and HRP-conjugated goat anti-mouse secondary antibody (catalog no. 170-6516) (Bio-Rad), and HRP-conjugated Protein A (catalog no. NA9120) (Amersham Biosciences). (ZLL) 2 -ketone was purchased from Peptide Institute, Inc. (Osaka, Japan). Cycloheximide, pepstatin A, Boc-D-FMK, staurosporine, and MG132 were purchased from Calbiochem (Darmstadt, Germany). Leupeptin and E-64d were purchased from Sigma.
Plasmid Constructs-Human TMEM106B-T185S-encoding cDNAs were amplified from HeLa cell cDNA by PCR using a forward primer (5Ј-CGGGATCCACCATGGGAAAGTCTC-TTTCTC-3Ј) and a reverse primer (5Ј-GCTCTAGATTACT-GTTGTGGCTGAAGTAC-3Ј). WT or FL TMEM106B-S185T and TMEM106B-S185T/Y125D cDNAs were generated using the KOD-Plus-Mutagenesis kit (Toyobo, Osaka, Japan). cDNAs encoding TMEM106B(1-127) and TMEM106B(1-106) were generated by PCR amplification or mutagenesis. These cDNAs were subcloned into the pEF1/Myc-His vector (Invitrogen) and the pEF4/His vector (Invitrogen) for the non-tagged (by using the native stop codon of TMEM106B) and the N-terminal HisXpress-tagged expression vector, respectively. Primer sequences for subcloning and mutagenesis are available on request. The N-terminal HisXpress-tagged VAPB-WT-encoding vector has been described previously (27) . LAMP1 cDNA, kindly provided by Dr. Daniela Rotin (Hospital for Sick Children, Toronto, Canada), was subcloned into the pEGFP-N3 vector (Clontech).
Adenoviral Vector-mediated Expression-The adenovirus expression vector systems were purchased from TaKaRa (Shiga, Japan). LacZ, Cre, and Cre-Bcl-xL adenovirus vectors were used as described previously (29) . The cDNAs encoding non-tagged TMEM106B-FL, TMEM106B(1-127), TMEM106B (1-106), and TMEM106B-Y125D were inserted into the SwaI site of a cosmid adenoviral vector, pAxCALNLw. In this vector, a stuffer DNA fragment, sandwiched between two loxP sequences, is located just upstream of cDNA and interferes with gene expression. If an adenovirus vector expressing Cre-recombinase is co-introduced into the cells, the stuffer is removed, and the gene is expressed. All viruses were grown in HEK293 cells and purified using CsCl 2 gradient ultracentrifugation. Cells were incubated with media containing adenovirus vector at the indicated MOI at 37°C for 1 h with constant agitation. All samples were co-infected with Cre-recombinase adenovirus vector at an MOI of 40. To keep the total MOIs of viruses constant, appropriate MOIs of LacZ adenovirus vectors were added for each infection.
Cell Culture and Transfection-NSC34 cells, a hybrid cell line established from a mouse neuroblastoma cell line and mouse embryo spinal cord cells, were a kind gift from Dr. Neil Cashman (University of Toronto). HeLa cells (purchased from ATCC), NSC34 cells, mouse neuronal Neuro2a cells (pur-chased from ATCC), and HEK293 cells were grown in DMEM, supplemented with 10% FBS (Invitrogen). PCNs were prepared as described previously (40) . Transfection was performed using Lipofectamine2000 (Invitrogen) according to the manufacturer's protocol.
Cell Death Assay and Cell Viability Assay-Cells, seeded on 6-well plates, were incubated with virus-containing media at the indicated MOI at 37°C for 1 h with agitation. At 18 -24 h after infection, media of cells were replaced by DMEM with N2 supplement (Invitrogen) to conduct an LDH release assay. About 24 h from the replacement of media, LDH releases from cells were measured with an LDH assay kit (Wako, Osaka, Japan). Absorbance of the mixtures at the 560-nm wavelength was measured by a 2030 ARVOTM X5 multilabel reader (PerkinElmer Life Sciences). Cell viability was measured using WST-8 cell viability assays. The WST-8 assay, conducted using Cell Counting Kit-8 (Dojindo, Osaka, Japan), was based on the ability of cells to convert a water-soluble 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium monosodium salt into a water-soluble formazan. Cells were treated with WST-8 reagent at 37°C, and 450-nm absorbance was measured by a 2030 ARVOTM X5 multilabel reader.
Western Blotting Analysis-Cells were homogenized and solubilized by sonication in a 4% SDS-containing sample buffer or a cell lysis buffer (10 mM Tris-HCl, pH 7.4, 1% Triton X-100, 1 mM EDTA, protease inhibitors, phosphatase inhibitors) and through a freeze-thaw cycle. The samples were boiled for 5 min at 95°C in the SDS-containing sample buffer, fractionated by SDS-PAGE, and blotted onto polyvinylidene fluoride membranes. Immunoreactive bands were detected using ECL Western blotting detection reagents (Amersham Biosciences) or Clarity Western ECL substrate (Bio-Rad). GAPDH was visualized as an internal control. Intensities of immunodetected signals were densitometrically measured with ImageJ software. The intensity of a band was normalized with the intensity of GAPDH.
siRNA-mediated Knockdown-siRNAs against TMEM106B and a non-targeting control siRNA were purchased from RNAi Co., Ltd. (Tokyo, Japan). The siRNA sequences for TMEM106B-1, -2, and -3 are 5Ј-CAGUAUGUCGACUGUGG-AAGA-3Ј, 5Ј-GUACUAGGAUCUUUUACUUGA-3Ј, and 5Ј-GUUCAGAAGCGUACAAUUUAU-3Ј, respectively. HeLa cells were transfected using Lipofectamine2000 (Invitrogen) according to the manufacturer's reverse transfection protocol. Briefly, 4 ϫ 10 4 cells/well on 6-well plates were combined with the 5 nM siRNA and Lipofectamine2000 reagent complexes.
Immunoprecipitation-HeLa cells were lysed by sonication in a lysis buffer containing 150 mM NaCl, 20 mM HEPES (pH 7.4), 1 mM EDTA, 1 mM DTT, 0.1% Triton X-100, and protease inhibitors. After centrifugation at 12,000 ϫ g for 15 min, the cell lysates were precleared with Sepharose beads (Amersham Biosciences) for 1.5 h. The cleared supernatants were then incubated for 2-3 h with TMEM106B antibody and precipitated for 1-2 h with protein G-Sepharose (Amersham Biosciences) at 4°C. After four washes with the lysis buffer, the precipitates were fractionated by SDS-PAGE, followed by immunoblotting analysis.
